Electroejaculates and serum samples were collected throughout the year from 5 male Siberian tigers. Semen quality, seminal plasma chemistry and serum hormone concentrations were evaluated and analysed as a function of season. Semen volume, concentration, motility, viability and morphology were not influenced by season. The ability of spermatozoa to undergo capacitation and penetrate zona-free hamster eggs did not differ due to season. Season had no influence on seminal plasma concentrations of acid phosphatase, calcium, glucose, potassium and phosphorus. Serum values of thyroxine and triiodothyronine were lowest (P = 0\m=.\002 and P = 0\m=.\03, respectively) during the summer months while cortisol showed no seasonal variation. Serum testosterone concentrations were higher in fall and early winter (P < 0\m=.\001) than at other times of the year but were not correlated with semen quality. These results demonstrate that season has no effect on the semen production and quality of captive male Siberian tigers.
Introduction
The Siberian tiger is an endangered species, the continued existence of which has become the responsibility of captive management programmes (Seal & Foose, 1983) . To manipulate the repro¬ duction of this species successfully it is essential that we understand its reproductive physiology. This includes the question of whether or not the tiger's reproductive capacity is altered due to environmental changes throughout the year. An analysis of birth records of captive tigers in the northern hemisphere showed that the majority of births occurred in the months of April, May and June (ISIS, 1983; Seifert & Muller, 1985) . Allowing for a gestation period of approximately 105 days (Sadleir, 1966) , it was apparent that the majority of matings took place between January and March. From a study of the endocrine profiles of female Siberian tigers, Seal et ai (1985) concluded that the female tiger is a polyoestrous seasonal breeder, with reproductive activity being under the influence of photoperiod. In the northern hemisphere the breeding season begins in late January and lasts until early June. Although the reproductive cycle in the female of a species may be seasonal, the male of that species does not necessarily show seasonal variations in sperm production and semen quality. The reproductive activity of the female clouded leopard is seasonal, while the male experiences no seasonal effects on semen quality when analysed on a quarterly basis (Wildt et ai, 1986b) . The objective of our study was to determine whether season affects the semen production and quality of the male tiger, Panthera tigris, and should therefore be taken into account when planning research and breeding strategies.
Materials and Methods
Animals and semen collection. Five Siberian tigers (Panthera tigris), described by Byers et ai (1989) , were used for this study. They ranged in age from 2 to 14 years. The 3 animals from the Minnesota Zoological Garden (Apple Valley, MN, USA) were proven sires, while the 2 from the Como Zoo (St Paul, MN) were young and had not been used in a breeding programme. All the animals were housed separately with free access to the outside, and natural photoperiod, throughout the year. They were fed a prepared carnivore diet (Nebraska brand Feline Diet) and water was available ad libitum.
The animals were anaesthetized using approximately 700 mg ketamine, 80 mg zylazine and 20 mg diazepam, administered by blow-dart. Additional ketamine was used as needed to maintain anaesthesia. A standardized electroejaculation protocol (Byers et ai, 1989 ) was used to collect the semen. Semen was collected from each animal on a weekly or bi-weekly basis. However, not all samples were made available for this study due to other demands. Spermatozoa and seminal plasma analysis. The semen was transported to the laboratory at 37°C where semen volume, sperm concentration, motility, viability and morphology were evaluated (Byers et ai, 1989) . A fraction of the sperm sample was capacitated in vitro according to the procedure of Byers et al. (1989) and used in the hamster egg sperm-penetration assay (Byers el ai, 1987) . The remainder of the sample was centrifuged three times at 800g to separate the spermatozoa from the seminal plasma. The seminal plasma was frozen at -20°C until its chemical components were analysed. Potassium, phosphorus, calcium and glucose were measured on an ASTRA system (Automated Stat Routine Analyzer, Beckman Instruments, Brea, CA). A Gemstar Analyzer (Electro-Nucleonics, Fairfield, NJ) was used to measure acid phosphatase.
Serum collection and hormone assays. On each collection day, one blood sample/animal was taken 30^40 min after the first injection of immobilizing drugs, and before electroejaculation. The blood was allowed to clot and the serum drawn off and frozen at -20°C until used in radioimmunoassays for measurement of testosterone, Cortisol, thyroxine and triiodothyronine.
Testosterone samples were extracted from serum using diethyl ether and quantitated by radioimmunoassay as described by McMillin et al. (1974) . The sensitivity was 50 pg (1 ml of sample was used in the assay providing a sensitivity of 50 pg/ml) and a CV of 15% at 50 pg.
Cortisol was determined by competitive protein binding radioimmunoassay as described by Kreeger et ai (1990) using commercial cortisol standards (Calbiochem-Behring, San Diego, CA, USA). Sensitivity was l-0pg/dl and inter-assay CV was 12-8%. Thyroxine (T4) and triiodothyronine (T3) were determined by solid-phase radioimmunoassay (Diagnostic Products Corp., Los Angeles, CA, USA) as described by Kreeger et al. (1990) . The assays were highly specific with no significant cross-reactivity with any other compounds. Sensitivity for T4 was 0-5 pg/dl and for T3 was 70 ng/dl. Intraassay and inter-assay CV for T4 were 11-3 and 18-2% respectively. Intra-assay and inter-assay CV for T3 were 10-6 and 13-2% respectively.
Statistics. For analysis by season, the year was divided into four quarters, namely winter (December, January, February), spring (March, April, May), summer (June, July, August) and fall (September, October, November). An average of 41-7 ejaculates were analysed/parameter studied. This averaged 10-2 ejaculates/season and 21 ejaculates/ season/tiger. Data were analysed using a two-way analysis of variance for unbalanced data (Snedecor & Cochran, 1967 ; Stat View 512 + Software [Brain Power, Inc., Calabasas, CA 91302, USA]) because sample sizes/season were unequal.
Results
The mean + s.d. total sperm concentration was 570 ± 54-6 IO6 spermatozoa with an average ejaculate volume of 10-3 + 3-9 ml (Figs la, b) . Neither of these semen characteristics varied with season (P > 005).
No seasonal variation (P > 005) was detected in the seminal parameters of % normal mor¬ phology, % viability (Figs lc, d) or % progressive motility (Fig. le) . These seminal parameters per ejaculate averaged 59-3 + 15-5% motile cells, 57-4 ± 14-6% live cells and 78-3 ± 10-3% cells with normal morphology. The abnormal cells (21-9%) consisted of cells with a coiled flagellum (90%), bent neck (8-9%), bent flagellum (2-7%), cytoplasmic droplets (10%) or macro/microcephalic (0-3%). No significant difference due to season was detected for any of these abnormalities. The ability of tiger spermatozoa to undergo capacitation and penetrate zona-free hamster eggs is presented in Fig. 1 (f) . The percentage of eggs penetrated by tiger spermatozoa in each season did not differ (P > 005). The overall penetration rate was 18-2 ± 9-5%. The seminal plasma concentrations of phosphorus, calcium, acid phosphatase, glucose and potassium were 2-4 ± 10mg/dl, 4-5 ± 0-09mg/dl, 5-6 + 2-1 IU/1, 2-4 + l-2mg/dl, and 13-6+ 1-3 mequiv./l, respectively. These seminal constituents (Fig. 2 ) showed no seasonal variations ( > 005).
The overall serum concentrations of thyroxine and triiodothyronine were 1-7 + 0-7 µg/dl and 62-8 + 20-1 ng/dl. The concentrations of the thyroid hormones changed with season (thyroxine: = 0002; triiodothyronine: = 003) (Figs 3a, b ). Particularly, thyroxine values were significantly lower in the summer months of June, July and August.
The concentration of serum testosterone was 278-2+ 155-8 ng/dl over the four seasons. Testosterone concentrations did vary with season (P < 0001) (Fig. 3c ). Values in the fall and early winter were significantly higher than in the spring and summer months.
The concentration of serum cortisol was 11-6 + 3-8 µg/dl over the four seasons. Cortisol was measured as an indicator of adrenal function and stress (Fig. 3d ) and no seasonal variations were seen (P > 005).
Discussion
The results of the semen analyses reported here are within the range reported previously by us (Byers et ai, 1989 ) and others (Wildt et ai, 1987) . No seasonal variations were found for the functional characteristics of semen volume, sperm concentration, motility, viability and mor¬ phology. These parameters make up the routine semen analysis which is used as the first step in any evaluation of male fertility. Normal values for many species, including the tiger (Wildt et ai, 1987 (Wildt et ai, , 1988 Byers et ai, 1989) , have been established and individuals with abnormal levels in one or more parameter are considered to be of questionable fertility (Rogers, 1985) . The consistent tiger semen analysis results obtained throughout the period of this study support the conclusion that the male tiger's reproductive capability does not vary with season. Similarly, when semen quality of the clouded leopard was analysed by season (Wildt et ai, 1986b) , no differences were seen. This is in contrast to the reproductive seasonality seen in the female clouded leopard which is in oestrus primarily only from late December to early February (Wildt et ai, 1986b) .
Season had no influence on the ability of tiger spermatozoa to undergo capacitation and pen¬ etrate zona-free hamster oocytes. The mean penetration rate of 18% is in line with results reported by Byers et ai (1987 Byers et ai ( , 1989 . Successful penetration of intact oocytes requires the completion of a sequence of sperm functions including capacitation, zona-binding, the acrosome reaction and appropriate movements of the sperm tail (Yanagimachi, 1981) . Completion of capacitation, the acrosome reaction and sperm binding to the oocyte plasma membrane are required for sperm penetration of zona-free hamster oocytes (Yanagimachi, 1984) . The hamster egg-sperm pen¬ etration assay is the best available test of sperm functionality in species for which the use of homologous oocytes is not possible (Rogers, 1985) . In addition, this test provides information on tiger spermatozoa that is not provided by semen analysis (Byers et ai, 1989) .
Several factors can potentially influence seminal chemistry including frequency of collection, method of semen collection, semen handling and season (Graham et ai, 1970) . AU samples used in this study were collected under similar conditions, essentially ruling out the effect of collection and handling variables. No seasonal effect was observed in the seminal plasma concentrations of acid phosphatase, calcium, potassium, phosphorus, and glucose in tigers. These constituents were chosen for evaluation because, in the bull, potassium (P < 0-05), phosphorus (P < 0-01) and acid phosphatase (P < 005) were positively correlated to fertility while calcium (P < 001) and glucose (P < 001) were negatively correlated to fertility (Graham et ai, 1970) .
Serum Cortisol concentrations did not differ due to season and the annual mean cortisol values are similar to those reported by other investigators (Seal et ai, 1978; Wildt et ai, 1987 Wildt et ai, , 1988 . In addition to illustrating the lack of seasonal influence on serum cortisol levels (P > 005) these results indicate that these animals were not increasingly stressed by the repeated immobilizations performed throughout the year. For example, the cortisol values over time for a representative male were 14-2 ± 2-6, 13-0 ± 3-3, 12-9 + 3-6 and 13-2 ± 51 µg/dl for winter, spring, summer and fall, respectively. Although Wildt et ai (1986a) reported gradually increasing concentrations of cortisol over time in the clouded leopard, they suspect that this was related to psychogenic responses to repeated manipulations rather than seasonal influences.
Seasonal variations were seen in serum concentrations of the thyroid hormones, particularly thyroxine. The high levels of thyroxine observed during the winter suggest a normal increase in thyroid activity in response to cold. These results give us confidence that the metabolic function in these animals was normal throughout the course of this study.
Circulating testosterone values also varied due to season. The annual mean testosterone con¬ centrations reported here are similar to those found by Wildt et ai (1987 Wildt et ai ( , 1988 . The rise in testos¬ terone concentrations in the male a few months before the onset of oestrus in the female is not an unusual occurrence. This is seen in other wild species including deer. The doe is reproductively active from November until early March (Plotka et ai, 1977) while, in the male, testosterone con¬ centrations begin to rise in August, with peak levels in October (McMillin et ai, 1974) . In the clouded leopard, testosterone values were greater (P < 005) in winter than in any other season (Wildt et ai, 1986a) .
While the seasonal differences in testosterone concentrations in tigers were statistically signifi¬ cant they did not affect changes in semen quality. This agrees with a previous report that testoster-one values in the tiger were not correlated (P > 005) to any ejaculate characteristics including sperm concentration, motility and morphology (Wildt et ai, 1987) . The same is true in the clouded leopard (Wildt et ai, 1986a) and Dorcas gazelle (Howard et ai, 1983 ).
In addition, our testosterone results indicate that photoperiod, which is believed to be the impetus for the increase in reproductive activity in the female tiger (Seal et ai, 1985) , is not respon¬ sible for the changes in this reproductive hormone in the male. There are several environmental stimuli reported to result in changes in testosterone concentrations. Nutrition may affect serum testosterone values (Grewal et ai, 1971 ), but the animals in this study were all fed the same diets and maintained their average body weight throughout the year. Exposure to receptive females has been shown to increase circulating testosterone concentrations in rhesus monkeys (Rose et ai, 1972) , but since testosterone in the male tigers increased several months before the breeding season of the females it is unlikely that this is an important hormonal influence. The changes observed in this study may be due to the functioning of an innate cirannual rhythm or the response of the male to an extremely subtle cue from the environment. More frequent sampling would be required to identify the frequency and timing of these changes in hormone concentrations.
Individual variations in most of the characteristics we examined were large and work with a species such as the tiger limits the number of samples that can be collected. Nevertheless, our data overwhelmingly indicate that semen production and quality are not affected by changes in season. Therefore, we conclude that season has no apparent effect on the functional reproductive ability of captive male Siberian tigers, and that semen collected throughout the year can be used for research and breeding purposes. Financial support was provided by the Minnesota Zoological Garden, the Veteran's Administration Research Service and the University of Minnesota Agricultural Experiment Station Project 72.
